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We show how an excess in the diphoton channel can be the effect of neither a resonance nor an
end-point in a cascade decay, but rather of a threshold for virtual production of a pair of extra
quarks, each with half of peak invariant mass, onsetting in both the gg-initiated production and the
γγ-induced decay of an off-shell Z boson. For our analysis we consider as paradigmatic example
the 750 GeV excess previously seen at the end of 2015 with the Run 2 data of the LHC but not
confirmed with 2016 data.
A bump appeared in 2015 at around 750 GeV in the
diphoton invariant mass distribution extracted at the 13
TeV run of the CERN Large Hadron Collider (LHC) in
both ATLAS and CMS analyses. The excess was ob-
served with a local significance around 3.9σ by ATLAS [1]
using 3.2 fb−1 data and around 3.4σ by CMS [2] using
3.3 fb−1 data. The excess had no obvious characteristic
shape. In fact, innumerable publications appeared in the
literature attempting to explain is as either a s-channel
Breit-Wigner resonance (typically a (pseudo)scalar one)
decaying into γγ or as an end-point Jacobian shoulder
(typically induced by a cascade decay of an heavy object
producing two photons alongside some amount of miss-
ing energy). In fact, the quality of the ATLAS and CMS
data around the excess was not sufficient to separate the
two hypotheses.
In the light of this, we attempt here an alternative ex-
planation inspired by the work in Ref. [3], which exploits
a threshold effect induced by the creation of a virtual
pair of new extra quarks in a loop diagram. We stress
however that this analysis can be applied to any excess
in the diphoton channel that might be observed in the
future, with suitable numerical adaptations. But let us
proceed in steps. First, notice that, contrary to popular
belief, a gg pair can annihilate into a massive spin-1 ob-
ject which can also in turn decay into a γγ pair. This
is possible so long that the intermediate (massive) gauge
boson is off-shell, otherwise the Landau-Yang theorem
[4, 5] would prevent this possibility. Secondly, we argue
here (as in Ref. [3]) that this can be an off-shell Z-boson
(hereafter, denoted by Z∗). In this case, the only (non-
resonant) component of the Z boson that is allowed to
propagate in this channel is its Goldstone one (this phe-
nomenon is indeed best appreciated in the Landau gauge,
ξ → 0), which is CP-odd. Hence, both gg → Z∗ produc-
tion and Z∗ → γγ decay1 need to be mediated by loops
of fermions. Thirdly, we conclude our interpretation by
invoking, alongside the SM quarks propagating in both
1 Notice that the language adopted here is merely for illustration
purposes, as we adopt here the same approach of Ref. [3], which
computed the full process gg → Z∗ → γγ, without any factori-
sation.
loops (specifically, quarks only in production and both
quarks and leptons in decay, though the dominant con-
tribution is always the one due to the top quark with
mt = 173 GeV), also the presence of an additional extra
quark with mass 375 GeV. Hence, the threshold that ap-
pears in the calculation as the imaginary part of each loop
when mgg ≡ mγγ = 2m, and manifests itself as a local
enhancement at such a mass value, could well be respon-
sible for the aforementioned excess at 750 GeV. Other
analyses have appeared in literature considering thresh-
old effects to explain the excess. However usually either
new particles propagating in the s-channel[6–8] or reso-
nant bound states have been invoked[9–11]. A scenario
analogous to the one we will analyse, with just one new
particle propagating in the loops, has been considered
in Ref.[12]; however, in that analysis a larger number of
free parameters (mass, couplings and width of the heavy
quark) have to be fixed to fit the data.
Of course, not any extra quark can be responsible for
such a phenomenology. On the one hand, it should have
an axial coupling to the aforementioned Z∗ boson (i.e., to
its Goldstone component in a general Rξ gauge), other-
wise its contribution to the whole gg → Z∗ → γγ process
would vanish identically by Furry’s theorem [13–15]. On
the other hand, following the discovery of a Higgs boson
[16, 17] with essentially a Standard Model (SM) nature,
the existence of an additional chiral quark (i.e., with SM-
like V − A structure in gauge boson charged currents)
has been excluded [18, 19]. Vector-Like Quarks (VLQs)
seem to perfectly fit this bill. These hypothesised states
of matter are heavy spin 1/2 particles that transform as
triplets under colour but, unlike SM quarks, their left-
and right-handed couplings have the same Electro-Weak
(EW) quantum numbers.
The ATLAS and CMS collaborations have carried out
a broad program of searches for VLQs with different
quantum numbers, probing single and pair production
mechanisms, as well as decay modes into all three gen-
erations of SM quarks (for the most updated experimen-
tal results of ATLAS and CMS we refer to the respec-
tive web pages [20–22]). However, new extra quarks can
be charged under new symmetries, as T-parity in Little
Higgs [23–29] and Kaluza-Klein parity in Extra Dimen-
sions (EDs) [30–34], thus forbidding the decay to SM
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FIG. 1. Gluon-gluon induced diphoton production through
Z∗ exchange and a Box. Herein, Q refers to a generic massive
quark. The lepton component in the Z∗γγ loop is negligible.
particles but allowing decays to Dark Matter (DM) can-
didates instead. Such VLQs have been searched for at
both the Tevatron [35, 36] and LHC [37, 38], but the con-
straints on their mass and decays depend on the mass of
the DM candidate and on which SM quarks they decay
to. Specifically, if the VLQ and the DM candidate have
a strong degeneracy, the visible decay products of the
VLQ are too soft to be detected and, as a consequence,
the bounds on the VLQ masses can be very weak, analo-
gously to the case of strong degeneracy between squarks
and neutralinos in supersymmetry.
It is the purpose of this letter to compute the gg →
Z∗ → γγ process in the SM supplemented by a VLQ with
mass mVLQ = 375 GeV (i.e. half of the invariant mass
value of the excess), odd under a Z2 symmetry under
which SM particles are even, charge 2/3e - a vector-like
top quark partner - and arbitrary coupling strength to
the Z∗ boson and compare its yield to the aforemen-
tioned ATLAS and CMS data displaying the described
750 GeV excess. In fact, for completeness (although its
contribution is subleading with respect to Z∗ mediation),
we also include an estimate of the gg → Box→ γγ chan-
nel, which also displays a threshold at 2mVLQ. The cor-
responding Feynman diagrams are in Fig. 1.
The generic interaction Lagrangian of a a singlet VLQ
Q coupled to the SM Z boson is written as:
LQ,Z = Q¯γµ
(
gQZL PL + g
QZ
R PR
)
QZµ, (1)
where gQZL/R are the left/right-handed couplings of the
vector-like quark Q to the Z boson and PL/R the chi-
ral projection operators. The couplings of the VLQ
to the photon and gluon are SM-like. In what fol-
lows, we will perform the numerical analysis for the case
of a single VLQ with mass mVLQ = 375 GeV which
couples to (the Goldstone component of) the Z boson
∝ gZµmVLQ/MZ2, where gZ = e/(2 sin θW cos θW ) and
µ is a rescaling factor of the EW interaction strength
which characterises the VLQ versus Z coupling. When
considering theoretically motivated scenarios, in general
µ ' 1: the coupling between the VLQ and the SM Z bo-
son is usually of EW strength, but it can be corrected by
mixing angles which parametrise rotations in the gauge
2 We can extract the mass from the coupling, e.g. assuming that
the VLQ singlet also gets a Dirac mass term by interacting with
the Higgs and a much heavier VLQ doublet, such that the masses
of the physical states are obtained through a see-saw mechanism.
and/or VLQ sectors (these corrections, being induced
through mixing angles, are necessarily smaller than 1)
or EW loop corrections, which are small, usually of the
order of (4pi)−1. The masses of the VLQs are also usually
larger than the value we are considering, as these states
are related, e.g., to the radius of the EDs or to the scale
of EW symmetry breaking and are further constrained by
complementary observables as relic density or EW preci-
sion tests. However, for the purpose of our analysis and
in order to be as model-independent as possible, we will
consider µ as a free parameter and fix the mass of the
VLQ to be 375 GeV to (approximately) fit the excess in
the data. Needless to say, by browsing the appendix of
Ref. [3], it is clear that the same result obtained for a
single VLQ with a µ coupling rescaling can be obtained
from a family of (nearly) degenerate VLQs of n members
each a with µ/n like-sign modification (without anomaly
cancellations as, being Z2-odd, they do not mix with SM
states), so that our illustrative results can be mapped
in whatever realistic VLQ scenario is required. Further,
notice that, for the case of the gg → Box → γγ contri-
bution, being the VLQ couplings to gluons and photons
fixed by their QCD and QED charges, the overall VLQ
dependence at the amplitude level is n times the one
of a single VLQ with mass 375 GeV. Between the two
types of contributions, though, for mγγ around 750 GeV,
we will show that it is the Z one to dominate over the
Box one (so that their interferences is also negligible),
primarily because the former, being a two-loop topol-
ogy, sees an overall VLQ contribution at amplitude level
which scales as n2 whereas the latter, being a one loop-
topology, only scales as n. This also means that the
gg → Z∗ → γγ channel displays a characteristic µ4 de-
pendence at threshold.
With the model put forward, we proceed to investigate
the possibility that the diphoton excess observed in the
ATLAS and CMS experiments could have been indeed
due to the threshold production via a Z∗ of new parti-
cles of mass approximately 375 GeV. The ATLAS collab-
oration designed the diphoton analysis with two slightly
different event selections optimised for the search of a
spin-0 or a spin-2 boson. We use in this paper the for-
mer, but expect the latter to yield equivalent results. The
CMS collaboration uses the same analysis for interpreta-
tions in terms of spin-0 and spin-2 resonances. However,
CMS splits the data into four subsamples depending on
whether both photons hit the EM Barrel (EB) calorime-
ter, located in the central region - EBEB events - or one
hits the EB calorimeter and the other one the EM Endcap
(EE) calorimeter located in the forward region - EBEE
events. The data are further split into events where the
magnet is either on at full capability, 3.8T, or off, 0T.
We extract the data from LHC publications and keep the
same subsample division while binning in invariant mass
of the two photons. We compute the differential cross
section as a function of the diphoton invariant mass for
the gg → Z∗ → γγ and gg → Box→ γγ processes, both
mediated by loops of fermions including the VLQs, and
3FIG. 2. Differential diphoton mass distributions at the 13
TeV LHC for the processes qq¯ → γγ (solid), gg → Z∗ → γγ
(dashed), qq¯ → Z∗ → γγ (dotted) and gg → Box → γγ
(dot-dashed) after the cuts pTγ > 20 GeV, |ηγ | < 2.5 and
Mγγ > 100 GeV. The three lines for the Z
∗ induced processes
are for µ = 5, 7 and 10 (from bottom to top). CTEQ(5L) with
Q = µ =
√
sˆ is used [40].
the SM qq¯ → γγ tree-level process, as shown in Fig. 2.
The process mediated by the Z∗ and the background
contributions have been computed with a fortran code
based on the HELAS libraries [39] and considering the
CTEQ(5L) PDF set [40], while for the box contribution,
due to its smallness in the relevant region, the curve has
been computed by considering loops with massless quarks
and approximating the top and VLQ contributions with
step functions at the correponding mass thresholds. It is
clear that the dominant contribution at mγγ = 750 GeV
is due to the gg → Z∗ → γγ process.
The signal distribution displays two characteristic non-
resonant peaks due to the thresholds induced by the
heavy SM and additional quark. The first peak at ap-
proximately 350 GeV is caused by the loop of top quarks
and is not visible due to the background process yield-
ing at least one order of magnitude more events. The
threshold at around 750 GeV is induced by the loop of
VLQs and appears as a peak with a long tail extending
to the right side of the distribution. We fit the virtual
VLQ pair production signal using a Landau function on
top of an exponentially falling background distribution
and we checked the dependence of the shape at thresh-
old as a function of the choice of the EW couplings of the
VLQ and found negligible differences over the range of
µ values explored in this paper. We use the same exper-
imental event selection efficiencies and acceptances the
ATLAS and CMS computed for a spin-0 resonance, to
model event selection efficiency times acceptance of our
signal. The photon momentum spectrum and pseudo-
rapidities in our threshold production scenario are ex-
pected to be approximately similar to the ones induced
by Breit-Wigner resonances explored in the LHC papers.
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FIG. 3. The plot shows the ATLAS diphoton invariant mass
spectrum after the event selection in [1]. The black solid
curve shows the background-only fit to the data, while the red
dashed curve shows the result of the fit for the background
plus non-resonant signal hypothesis.
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FIG. 4. Same as Fig.3 but for the CMS diphoton invariant
mass spectrum after the event selection in [2] divided in the
four subsamples depending on the appearance in the detector
of the two photons. The red curve is normalized to the µ
value measured simultaneously in the four subsamples.
Also, we use the CMS parametric choice to fit the falling
background diphoton spectrum.
The data generally prefer the presence of a signal, and
regard similarly the resonant and non-resonant hypoth-
esis. Considering a VLQ mass of 375 GeV the goodness
of the fit (χ2) for ATLAS is mildly better in the case of
a Breit-Wigner (BW) rather than the hypothesis consid-
ered in this paper, while for CMS the threshold hypothe-
sis is sligthly favoured. Considering instead a VLQ mass
4signal hypothesis Threshold BW
mVLQ 365 GeV 375 GeV 375 GeV
ATLAS 0.658 0.729 0.651
CMS
EBEB 3.8T 0.753 0.765 0.755
EBEE 3.8T 0.875 0.853 0.866
EBEB 0T 0.756 0.763 0.887
EBEE 0T 0.550 0.536 0.586
TABLE I. Values of the χ2 for both experiments and for
different values of the VLQ mass in the Breit-Wigner and
threshold hypotheses.
of 365 GeV, for ATLAS the threshold hypothesis has a
comparable χ2 to the BW case, while for CMS the good-
ness of the fit improves in two subsamples but becomes
worse in the remaining two, as it can be seen in Tab. I.
Figs. 3 and 4 show the result of the fit according to
two different hypotheses: the background-only hypothe-
sis, where the background is parametrised as in [2], and
the threshold production for VLQs. We use the signal
normalisations extracted from the fits to the different
event selections and the corresponding efficiencies and
acceptances computed by the ATLAS and CMS collab-
orations to extract a measurement of the EW coupling
of the VLQ to the Z boson. The ATLAS data favour a
rescaling factor µ of the EW coupling of 10.5 while the
CMS ones point to µ=10.9.
These couplings are admittedly quite large, possibly
already in the non-perturbative region, and the reinter-
pretation of our results in terms of a theoretical model
is not straightforward. However, as mentioned above,
our results can be obtained either by keeping the cou-
pling as a free parameter or by fixing the coupling and
including degenerate VLQ copies. The inclusion of more
VLQs would be also theoretically justified by requiring
each SM quark to have a Z2-odd partner, as in the case
of universal EDs. As an example, if we allow the number
of degenerate VLQs to be a free parameter, and we fix
it to 12 (6 top-like and 6 bottom-like, i.e., a partner for
each chirality of SM quarks) we can fit the ATLAS data
with a value of µ = 10.56+6(−1/3)4/(2/3)4 ' 1.6 and the CMS
ones with µ ' 1.7.
It is interesting to note that the local significances ob-
served by the ATLAS and CMS collaborations of respec-
tively 3.9σ and 3.4σ quoted in the context of the Breit-
Wigner hypothesis drop to approximately 2.5σ and 2.2σ
when assuming the VLQ threshold production hypoth-
esis. If the excess is real, but not of resonant nature,
the combined LHC sensitivity using existing data would
be approximately 3σ and more data would be needed for
an unambiguous confirmation of the current excess. The
LHC experiments could easily adjust the analysis strat-
egy to encompass the possibility highlighted in this pa-
per. In particular, the ATLAS collaboration already fits
the background using both a data-driven approach and
a complete simulation of the backgrounds. Instead, the
CMS experiment uses a data-driven approach, thus the
prediction at the high-end tail of the diphoton spectrum
relies on the limited statistics acquired as of now.
To conclude, it is very interesting to entertain the
possibility that a new and unexpected signal could
have been present in the LHC data. However, the vast
literature that surfaced after the first appearance of the
750 GeV excess suggests that there is a large number
of possibilities to explore, mostly requiring a zoo of
new particles of varied nature to build a consistent
framework. We have instead put forward in this paper
a particularly economical solution, already intimated
by Ref. [3], that requires only the existence of a new
quark of vector-like nature (VLQ), or a small set of
near-degenerate such states, with mass approximately
375 GeV. The 750 GeV bump would have been therefore
the result of the threshold production of one or more
(degenerate) pairs of such (virtual) particles. We have
shown the the LHC data were consistent with this new
hypothesis and we extracted the EW coupling between
the VLQ and the Z∗ boson and/or the number of
generations of VLQs that would be needed to describe
the data. Finally, we remark that a by-product of our
scheme, due to the fact that it is actually the Goldstone
component of the Z∗ state that intervenes in our case, is
that its pseudoscalar tree-level properties conveniently
explain why no excess has been found yet in either the
W+W or ZZ data sample [41, 42]. Conversely, because
of the intense Z − VLQ interaction, sensitivity to Zγ
final states is also potentially possible.
NOTE ADDED
During the ICHEP 2016 conference, hence after
the submission of this work to the journal, both
ATLAS and CMS updated their earlier results by
employing an increased data sample based on some
12 fb−1 of LHC Run 2 data per experiment: see the
talks by B. Lenzi (ATLAS) and C. Rovelli (CMS) at
https://indico.cern.ch/event/432527/contributio
ns/1072431/. The new LHC results around 750 GeV are
now compatible with the SM at the level of less than 2σ.
Therefore, data in the ∼ 750 GeV region are, at present,
consistent with a statistical fluctuation. However, it
remains of importance to explore the high mass region
for two reasons. Firstly, the fact that both ATLAS and
CMS initially recorded a very similar excess calls for a
closer scrutiny than normal of data as more and more
luminosity will accrue. Secondly, a coordinated effort
between theorists and experimentalists is presumably
required in order to carefully address all possibilities
explaining potential anomalies, from the more evident
ones (like resonances) to the more subtle ones (like those
studied here).
But let us first recap the situation. Tab. II does so in
statistical terms before and after the ICHEP 2016 confer-
ence. It should also be noted that, while CMS retains a
moderate excess at 750 GeV, ATLAS now favours a mass
5ATLAS CMS
Pre-ICHEP
local p-value 3.9σ 3.4σ
limit on σ× BR, NWA ≈ 12 fb ≈ 14 fb
fitted σ× BR, NWA ≈ 8 fb ≈ 4 fb
Post-ICHEP
local p-value 2σ 2σ
limit on σ× BR, NWA(wide) ≈ 2 fb ≈ 2(4) fb
fitted σ× BR, NWA(wide) ≈ 1 fb ≈ 1(2) fb
TABLE II. ATLAS and CMS statistical findings before and
after ICHEP.
FIG. 5. Normalised (to 1) differential diphoton mass distribu-
tions at the 13 TeV LHC for the processes qq¯ → Z∗,Box→ γγ
(solid), with mVLQ = 375 GeV and µ = 1 (VLQ induced), as
well as gg → Higgs → γγ (dotted), with MHiggs = 750 GeV,
ΓHiggs = 50 GeV and SM-like couplings (CP-even scalar medi-
ated), after the cuts pTγ > 20 GeV, |ηγ | < 2.5 and Mγγ > 100
GeV. CTEQ(5L) with Q = µ =
√
sˆ is used [40].
value slightly lower (730 GeV) or higher (770 GeV) than
previously. In short, the local significance is still slightly
pronounced (at the 2σ level) while we estimate the global
one to be rather poor (at the 1σ level). However, two
considerations are in order. On the one hand, notice
that, with twice as much luminosity as the present one,
it would be possible to re-obtain a ≈ 3σ significance per
experiment. On the other hand, it should be appreciated
that only the σ× BR hypothesis has been tested. Hence,
the dynamics we propose, i.e., a less pronounced thresh-
old enhancement (which is approximately modelled by
an asymmetric Landau distribution) than a resonant one
(which is approximately modelled by a BW), as manifest
from Fig. 5, remains untested to this day. Unfortunately,
with data currently unavailable, we are not in the posi-
tion to test it ourselves. We look forward to the LHC
experiments to tackle this challenge rapidly.
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